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Reference ecosystems are a valuable tool for restoration and management efforts
in degraded ecosystems. Longleaf pine (Pinus palustris), a pyrophytic southeastern U.S.
ecosystem, have declined precipitously in extent since European settlement. Pine
mortality and growth patterns were examined in a 15-year re-measurement study in two
old-growth stands. Both stands experienced post-fire mortality and short-lived decreases
in basal area. Distance to nearest neighbor had a significant effect on mortality of small
(<10 cm DBH) pine. To better approximate reference conditions, saplings of five cooccurring hardwood species were destructively measured for bark accumulation and taper
using bark and wood thickness. Significant species differences were detected in
bark:wood ratio (P<0.001), with no difference in wood diameter. Blackjack oak
(Quercus marilandica) had a bark:wood ratio 3× the closest species and steeper slopes of
bark accumulation, suggesting that it is a fire-adapted species. These results will inform
reference conditions for critical regional pine restoration efforts.
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CHAPTER I
INTRODUCTION

The restoration of terrestrial ecosystems has gained increased attention as more
ecosystems become degraded by human activities. As restoration efforts increase, it is
advantageous to have a set of reference conditions by which to judge both the current
state of a degraded ecosystem and also to provide “target” ranges of natural variation by
which to evaluate the success of restoration efforts (Aronson et al. 1995; Hobbs & Norton
1996). A common source of reference conditions in forested ecosystems are uncut oldgrowth stands, which can offer insight into the stand structure and dynamics of a forest
ecosystem with presumably minimal post-European human effects (e.g., Covington &
Moore 1994; Franklin & Van Pelt 2004; Youngblood et al. 2004).
The stand structure and dynamics of dominant species also helps drive, and is
driven by, the disturbance regime of the ecosystem. Old-growth stands can help
characterize past disturbance regimes (Platt et al. 1988; Pederson et al. 2008) and can
thus allow inferences about the past and contemporary management of that ecosystem.
Frequent, low severity fire as a disturbance regime has a profound effect on the
evolutionary environment and pyrophytic ecosystems are characterized by species with
traits adapted to persist in such an environment (Bond & Van Wilgen 1996).
Of particular restoration concern in the southeastern U.S. are pyrophytic longleaf
pine (Pinus palustris Mill.) savannas, woodlands, and forests. Longleaf pine ecosystems
1

once dominated the landscape across the Coastal Plain and up into the Blue Ridge and
Piedmont provinces and are characterized by frequent fire regime (2 to 10 year fire return
interval) and some of the highest biodiversity outside of the tropics (Peet & Allard 1993;
Varner et al. 2003a,b; Staumbaugh et al. 2011). Currently, however, longleaf pine
ecosystems have dwindled to a fraction of their former extent and few old-growth
(defined as containing age classes that pre-date European settlement of the area) stands
remain (Landers et al. 1995; Varner & Kush 2004).
Characterization of overstory pine stand dynamics in remaining old-growth stands
is a priority given the utility of old-growth forests in informing restoration goals and
management. Spatial patterns and influences on mortality and growth are of particular
importance due to their importance for stand resilience, including recovery after
disturbance and resistance to elevated mortality levels (Churchill et al. 2013), and for
ensuring regeneration of desired species (Brockway & Outcalt 1998). Once natural
patterns are understood, restoration management can tailor prescriptions to help achieve
patterns and processes historically associated with the ecosystem (Palik et al. 2002). The
results of our long-term research in two old-growth longleaf pine stands can therefore
offer important insight into patterns of changing stand dynamics in this ecosystem.
In addition to characterization of longleaf pine dynamics, further examination of
historic co-occurring tree species is essential to a full understanding of the composition
and structure of these ecosystems and will help guide management decisions during
restoration and management efforts. Current restoration practices may not fully
acknowledge the history of oak presence in pine ecosystems (Greenberg & Simmons
1999) and the ecological importance of oaks (Hiers et al. 2014) in their efforts to remove
2

invading hardwood species. The results of this research will provide a more speciesspecific understanding of what hardwood species have evolved to co-occur in longleaf
pine ecosystems by examining trends in bark thickness, a fire-adapted trait strongly
associated with post-fire survival (Harmon 1984; Jackson et al. 1999).
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CHAPTER II
LONG-TERM STAND DYNAMICS IN TWO OLD-GROWTH MOUNTAIN
LONGLEAF PINE STANDS

Introduction
Old-growth forests, by serving as reference systems, can aid management and
restoration efforts by defining the historic stand dynamics of an ecosystem (Covington et
al. 1997; Franklin & Van Pelt 2004; Youngblood et al. 2004). Natural spatial patterns of
mortality, growth, and ingrowth are a crucial part of stand dynamics and the patterns
found in old-growth stands can offer insight into the history of these processes (Oliver &
Larson 1996). Characterizing these patterns and processes is instrumental in
understanding the dynamic ecological processes within an ecosystem (Zenner & Hibbs
1999; Silver et al. 2013).
Though the ecological importance of tree mortality in forests is well accepted
(Franklin et al. 1987), the impact and implications of mortality on stand-level spatial
structure, and resulting forest resilience, are less well understood. Often a major goal of
mortality studies is to predict the survival of individual trees (Dixon et al. 1984; Fowler
& Sieg 2004; Sieg et al. 2006; Varner et al. 2007). However, understanding the effect
mortality has on stand-level spatial structure is critical in achieving restoration and stand
maintenance goals because it serves as a guide for managers when determining
4

harvesting, thinning, and other treatments (Palik & Pederson 1996; Palik et al. 2002;
Churchill et al. 2013).
Characterizing the influence of existing stand structure and of neighbor
competition on mortality and growth of trees can help improve an understanding of how
stand structure is achieved and how it changes in space and time (Platt & Rathbun 1993;
He & Duncan 2000; Lutz et al. 2014). Even fine-scale interactions among trees and
between trees and understory plants can offer insight into stand dynamics (Tatsumi &
Owari 2013). Characterizing and understanding how competition affects mortality and
growth (Das 2012) of trees in old-growth stands can aid managers in mimicking natural
patterns of mortality to achieve natural patterns and also provide a reference point against
which to compare stands in the process of being restored (Aronson et al. 1995; Palik et al.
2002).
Longleaf pine ecosystems are of high restoration priority in the United States. The
first Europeans arrived in the southeastern United States encountered a savanna-like
landscape dominated by pines and characterized by discontinuous canopies and speciesrich herbaceous groundcover (Platt 1999; Frost 2006). One of the ecologically and
economically most important pines, often found as a monodominant in these savannas,
was longleaf pine (Landers et al. 1995). Prior to European colonization the extent of
longleaf pine has been estimated at 37 million hectares stretching from Virginia to Texas,
into most of Florida, and inland into northcentral Georgia and Alabama (Frost 2006).
Longleaf pine is a keystone species in several different ecosystem types across its range
(Noss 1989), with certain longleaf pine communities ranking among the most species-
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rich ecosystems outside of the tropics and many containing local and regional endemic
species (Platt 1999; Peet 2006).
The high biodiversity and endemism in longleaf pine ecosystems is strongly
linked to a frequent fire regime. Historically, most longleaf pine ecosystems are believed
to have experienced low-severity surface fires every 2 to 3 years, with the frequency
decreasing in the inland parts of the range as the extent of longleaf pine became more
fragmented and systems became less longleaf-dominated (Frost 2006; Bale 2009;
Stambaugh et al. 2011). Longleaf pine and many of its associated species are fireadapted (Platt 1999). In longleaf pine these adaptations include a “grass stage” of
seedling growth during which the seedling devotes carbohydrates to belowground
growth, allowing it to rapidly “bolt” and grow to a fire-resistant height (Wahlenberg
1946). Longleaf pine’s senesced litter and abundant herbaceous fuels can sustain high
intensity surface fires (Noss 1989; Fonda 2001), which in turn promotes the propagation
of fire within the ecosystem. Longleaf pine is also characterized by thick, flaky bark and
exhibit rapid self-pruning, both traits commonly considered as adaptations to frequent fire
(Keeley & Zedler 1998; Platt 1999).
Alteration of its natural fire regime is frequently cited as a major cause of the
degradation and elimination of longleaf pine ecosystems, though it was by no means the
only cause. As early as 1608 settlements in Virginia and surrounding areas exploited
longleaf pine to produce naval stores (tar, pitch, and turpentine) and by 1850 the heavy
use and non-renewable practices had resulted in the virtual extirpation of longleaf from
many areas of its northern range (Frost 2006). Similarly, the massive amounts of naval
stores that earned North Carolina the nickname ‘Tarheel State’ came at the cost of the
6

state’s longleaf pinelands and by 1900 the center of production once again moved south
(Frost 2006). In addition to the damage and mortality that resulted from the production
of naval stores, longleaf pine was also regarded as an excellent lumber tree and was
heavily exploited.
Currently longleaf pine ecosystems occupy only a fraction of their former extent,
with much of the remaining forest degraded due to fire exclusion (Varner et al. 2005;
Frost 2006). Old-growth longleaf pine stands are increasingly rare and many remain
threatened by the urban interface and other issues (Varner & Kush 2004). Of the
remaining old-growth longleaf pine ecosystems only a few are located within mountain
or montane longleaf pine, which is the interior limit of longleaf pine in the north-central
regions of Alabama and Georgia (Ridge and Valley, Blue Ridge, and Piedmont
physiographic regions) and represent different physiographic conditions than the Coastal
Plain region in which most longleaf pine studies have been conducted.
A key component to longleaf pine restoration efforts is an improved
understanding of natural stand dynamics. In particular, research is needed in old-growth
stands and in mountain longleaf as both represent critical and, in the case of mountain
longleaf pine, understudied areas (but see Maceina et al. 2000; Stokes et al. 2010;
Womack & Carter 2011; Carter & Floyd 2013; Kronenberger et al. 2014). Varner and
collaborators (2003a) previously characterized stand and age structure in two mountain
old-growth longleaf pine stands based on stem mapped data collected in 1998 and 1999.
The present study takes advantage of this previously established study and available data
with the goals of:
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i.

characterizing 15-year changes and trends in stand dynamics;

ii.

examining trends and conspecific neighbor competition effects on
mortality; and

iii.

examining trends and conspecific neighbor competition effects on growth.

The results of this study will further not only a broader understanding of oldgrowth longleaf pine stand dynamics, but will also help inform regional management for
this critical ecosystem by quantifying long-term changes in stand structure in these oldgrowth stands.
Methods
Study sites
The study was located in two old-growth longleaf pine stands, Caffey Hill and
Red-Tail Ridge, in the Mountain Longleaf National Wildlife Refuge in Calhoun County,
Alabama (33°42’N, 85°45’W). At both sites there are tree age classes pre-dating
European settlement of the area and have been previously classified as old-growth stands
(Varner & Kush 2004). Complete site descriptions can be found in Varner et al. (2003a),
from which important factors will be highlighted here (Table 2.1). The climate is warm
and humid with an annual average temperature of 17 °C, short mild winters, and an
average annual precipitation of 1,205 mm evenly spread throughout the year, mostly as
rain. Soils are mapped as Rough Stony Land-Sandstone with intergrades of Anniston
series soils, resulting in frequent quartzite/sandstone bedrock outcrops, loose rock
fragments, and scattered shallow patches of sandy soil, with clay-loams in the subsoils.
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Table 2.1

Stand attributes of Caffey Hill and Red-Tail Ridge

Caffey Hill
Red-Tail Ridge

Slope position

Slope (%)

Aspect

Size (ha)

Elevation (m)

Upper

40-60

SSE

1.5

450

Lower/mid

30-45

WSW

1.8

350

two old-growth montane longleaf pine stands in northeast Alabama.
A fire history study by Bale (2009) in the nearby Choccolocco Mountain area
found a mean fire return interval of 3.5 years pre-European settlement (1547 AD to
1830s), of 2.5 years from the 1830s to 1940, and an increase to 7.5 years following the
increase of regional fire-suppression policies in the 1940s. A second site had a period of
recording from 1550 AD to 1940 and found mean fire return intervals of 2.7 years preEuropean settlement and 2.6 years post-European settlement. Given the proximity (both
sites in Bale [2009] are approximately 32 km from the sites in this study) and landscape
of the area, it is reasonable to assume that these results would approximate fire return
intervals and represent a similar fire history to that of Caffey Hill and Red-Tail Ridge.
The stands are located on land previously belonging to Fort McClellan (established in the
1920s), an Army training garrison whose use of live fire and incendiary rounds helped
maintain a frequent (1 to 3 year) fire return interval in both stands.
Field methods
Within the two old-growth stands, all longleaf pines with a diameter at breast
height (“DBH”, 1.37 m) >2.5 cm within the stand boundary were mapped using
horizontal distance and azimuth from plot centers, measured (total height, crown height,
DBH), and permanently tagged in 1998 and 1999 (Varner et al 2003a). All longleaf
9

pines ≥10 cm DBH were also cored and rings counted to determine approximate ages.
The sites were initially measured in late 1998 and early 1999 (hereafter “1999” for
simplicity), during which time snags within the stand were also tallied but only the
largest were tagged. All living tagged trees at both sites were re-measured for DBH in
2005 and 2008 (Kush et al. 2013). These re-measurements followed prescribed burns,
one in May 2004 at Caffey Hill and another in March 2006 at both Caffey Hill and RedTail Ridge. The 2004 Caffey Hill burn was ignited at the base of the slope and burned
upslope while the 2006 burns were ignited via helicopter (Kush et al. 2013; Sarah Clardy,
pers. comm., Refuge Manager, Mountain Longleaf National Wildlife Refuge, July 2014).
In late 2013 and early 2014 (hereafter referred to as “2014”) both stands were remeasured for DBH, total and crown height. In addition, ingrowth of live longleaf pine
with DBH ≥ 2.5 cm were tagged, measured, and mapped using the previously established
methods and plot centers.
Data analysis
All analyses were performed in R (R Core Team 2014) using the spatstat package
for spatial analysis (Baddeley & Turner 2005) and the pgirmess package for certain nonparametric statistical tests (Giraudoux 2014). Since this is a 15-year study with multiple
re-measurements by different crews there were cases of human error (e.g., abnormally
large DBH in one year or shrinking DBH in one year). When the tree in question had
only one anomalous DBH measurement, linear regressions of DBH changes were
developed using data from the non-anomalous trees in the stand and these regressions
were used to adjust anomalous measurements. However, if the anomalous measurement
was a shrinking of DBH prior to the tree being recorded as dead in the next measurement
10

the DBH was not adjusted, given the possibility that it may be a real loss of DBH due to
do consumption of bark by fire or some other mechanical injury. Likewise if a tree was
noted as having severe scarring that could result in loss of DBH the measurement was not
corrected. Discrepancies in heights were adjusted by simple rounding if the height was
lower than the initial measurement, unless field observations indicated the possibility of
top damage. This was justified by the somewhat subjective nature of height measurement
and high likelihood that small negative differences in height were the result of
measurement error.
Changes in stand structure arise through mortality, growth of established trees,
and ingrowth of new trees. For the purposes of this study these changes were examined
using analyses based on the 1999 and 2014 measurements. For most analyses diameter
classes were defined using the coarse size categories: 2.5 to 10.0 cm, 11 to 20.0, 21 to
30.0, 31 to 40.0, and greater than 40 cm. The largest DBH trees (i.e. all those >40 cm
DBH) were lumped because there were too few trees of that size to warrant continuing
the 10 cm breaks for analysis purposes, particularly at Caffey Hill. Transition of trees
from one DBH class to the next largest was calculated based on all trees alive in the 2014
re-measurement. Changing spatial patterns were visualized using stem maps made by
converting the x,y coordinates calculated from the original mapping to spatial point
pattern data using spatstat.
Longleaf pine mortality was examined based on distribution within each 10 cm
DBH class and also spatially by using nearest neighbor analysis in spatstat to obtain the
distance to the desired neighbor (nearest, second nearest, etc.). With this information,
ANOVA was used to determine if there was a significant difference in distance to nearest
11

neighbor for dead vs. live trees within each DBH class. Because the distance data failed
to meet assumptions of normality (as measured by deviation from a line in a Q-Q plot),
the non-parametric Kruskal-Wallis one-way analysis of variance test was used.
Spatial patterns of mortality and ingrowth were examined using Ripley’s K
function, Kest() in the spatstat package. Ripley’s K is based on a comparison of the
sample function to a complete spatially randomized pattern (Ripley 1976) and is an
accepted method to examine basic clustering patterns of trees (Moeur 1993). The related
L-function is a variance-stabilized version of the K function that can be plotted to follow
a horizontal zero-axis and allows for easier interpretation of the spatial patterns within the
data.
In order to examine the relationship between conspecific neighbor competition
and pine growth (changes in DBH, basal area, height) linear regressions were fit with
distance to nearest neighbor and the significance of the regressions were evaluated using
the lm() procedure. Annual growth was evaluated only for trees alive in 2014 and was
taken as the simple change in DBH, basal area, or height divided by 15 (1999 to 2014).
In cases where the data were analyzed based on DBH class, the DBH class of the tree in
1999 was used. For annual change in DBH, the distances to the second and third nearest
neighbor were also evaluated as independent variables in an initial effort to determine the
point at which neighboring trees ceased to have an influence.
Results
Changes in stand structure 1999 to 2014
Several measures of structure changed significantly over the fifteen year period in
these two old-growth mountain longleaf pine stands (Table 2.2). Red-Tail Ridge stem
12

density decreased by 16% while at Caffey Hill stem density increased by 32% over the
period. Stand basal area (Figure 2.1) increased as an overall trend; however a slight dip
can be seen in both stands in post-fire measurements. For Caffey Hill the basal area
decreased by 0.27 m2 ha-1 in 2005 (one year post-fire) and at Red-Tail Ridge it decreased
by 0.32 m2 ha-1 in 2008 (two years post-fire). Despite the fact that Caffey Hill also
burned in 2006, there was no corresponding dip in basal area for Caffey Hill in 2008. In
both stands, however, basal area recovered to greater than pre-fire levels by the next remeasurement. In 2014 the basal areas were 14.2 and 10.2 m2 ha-1, which represent a 5%
and 31% increase in basal area from the establishment of the study for Red-Tail Ridge
and Caffey Hill, respectively. Snag density also increased in both stands (Table 2.2);
when snags ≤10 cm DBH are excluded snag density increased by 185% or more in both
stands.
There are important differences in the diameter distribution for longleaf pine in
2014 for the two stands (Figure 2.2). Caffey Hill had a “reverse J” distribution (Figure
2.3) dominated by trees 5 to 10 cm DBH, Red-Tail Ridge had a much more even
distribution of diameters and greater numbers of large diameter trees. The density of
trees within each DBH class also experienced substantial flux over the 15 years (Figure
2.4). Caffey Hill increased in density across all DBH classes by 2 to 63%, with the
greatest increase in the 21 to 30 cm size class. At Red-Tail Ridge, however, the density
of trees in the smallest DBH class (2.5 to 10 cm) decreased by almost half (46%) and the
density of trees in the next largest class (11 to 20 cm) decreased by 23%. For both stands
the 30 to 40 cm class appeared to be the most stable, with Red-Tail Ridge decreasing by
3% and Caffey Hill increasing by 2%. Both stands saw increases in the largest diameter
13

pines (≥41 cm DBH), with Red-Tail Ridge increasing by 30% and Caffey Hill increasing
by 43%.

14

298
8.6
NA
8.3

Snag density (trees ha-1)

Mean snag DBH (cm)

Basal area (m2 ha-1)

1999

55.0
7.9
19.8

Maximum DBH (cm)

Mean total height (m)

Max total height (m)

22.6

8.3

55.6

14.4

+14.1

+5.1

+1.1

-2.0

+22.9

NA

+804.7

+32.4

Percent change

27.1

12.4

70.5

20.3

13.0

NA

11.1

283

1999

25.0

14.6

61.8

24.0

14.2

19.1

41.1

237.8

2014

-7.7

+17.7

-12.3

+18.2

+9.2

NA

+207.3

-16.0

Percent change

Red-Tail Ridge

Note: Values for 1999 reprinted with permission from Varner et al. 2003a. Snags in 1999 were only tallied; therefore DBH cannot
be accurately calculated.

14.7

Arithmetic mean DBH (cm)

10.2

11.5

77.3

394.7

2014

Caffey Hill

Changes in stand characteristics of two old-growth mountain longleaf pine stands in northeast Alabama from 1999 to
2014.

Stem density (trees ha-1)

Table 2.2
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Stand basal area (m2ha-1)

7.8

12.6

2001

2003

2005

7.5

13.5

2007
Year

Basal area change at Caffey Hill and Red-Tail Ridge

0
1999

2

4

6

8

10

12

14

16

8.3

13.2

2009

2011

Caffey Hill

Red-Tail Ridge

2013

9.5

14.0

10.2

14.2

two old-growth longleaf pine stands in northeast Alabama over 15 years and following prescribed fires in 2004 (Caffey Hill) and
2006 (Red-Tail Ridge and Caffey Hill), indicated by the flame icons placed below the line at approximately the years each stand
experienced fire.

Figure 2.1

16

Cumulative probability plot of the diameter of live longleaf pine ≥2.5 cm DBH in 2014 at Caffey Hill and Red-Tail
Ridge

two old-growth longleaf pine stands in northeast Alabama.

Figure 2.2
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an old-growth longleaf pine stand.
Notes: 1999 shows the initial number of tagged longleaf pine and 2014 is the ingrowth of longleaf pine over 15 years. Numbers for
2005 -2013 are (top to bottom): total number of trees (in italics), trees that died since last measure (in bold), trees that have grown
into that diameter class since last measure.
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an old-growth longleaf pine stand.
Notes: 1999 shows the initial number of live tagged longleaf pine and 2014 is the ingrowth of longleaf pine over 15 years. Numbers
for 2005 - 2013 are (top to bottom): total number of trees (in italics), trees that died since last measure (in bold), trees that have
grown into that diameter class since last measure.
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Stem map of Caffey Hill

an old-growth mountain longleaf pine stand in northeast Alabama, showing locations of live, dead, and new ingrowth of longleaf
pine mapped in 2014 (representing 15 years of recruitment).

Figure 2.5
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Stem map of Red-Tail Ridge

an old-growth mountain longleaf pine stand in northeast Alabama, showing the locations of live, dead, and new longleaf pine
ingrowth mapped in 2014 (representing 15 years of recruitment).

Figure 2.6
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Patterns of longleaf pine growth and mortality 1999 -2014
Both Caffey Hill (Table 2.3) and Red-Tail Ridge (Table 2.4) underwent changes
in stand structure due to mortality and the growth and transitioning of trees from one
DBH class to another. In all three re-measurements at Caffey Hill substantial numbers of
trees grew into both the 11 to 20 cm (45 trees [2005], 28 [2008], 29 [2013]) and 21 to 30
cm DBH classes (16 trees [2005], 18 [2008], 24 [2013]) (Table 2.3). Red-Tail Ridge had
substantial numbers of trees transitioning from one DBH class to the next for all classes
in 2005 with only subtle changes occurring in 2008 and 2013 (Table 2.4). Also of note is
the substantial ingrowth at Caffey Hill (273 trees [2014]) in contrast to the low ingrowth
at Red-Tail Ridge (13 trees) over the 15 year period.
The spatial patterns of ingrowth at Caffey Hill (Figure 2.5) exhibit a significant
spatial clustering pattern (Figure 2.10) as shown by the red, blue, and green lines being
above the blue line, which represents a spatially random pattern. Ingrowth also generally
seems to arise in what were formerly gaps within the stand, as shown by the high
numbers of mapped ingrowth in areas with few or no intermixed live mapped pines
(Figure 2.5). Mortality at Caffey Hill was also significantly spatially clustered (Figure
2.11). At Red-Tail Ridge (Figure 2.6) there was significantly less ingrowth, which
lowers our ability to confidently apply Ripley’s K function, although the L-function
results (Figure 2.12) and visual inspection of the stem map (Figure 2.6) indicate spatial
clustering. Mortality, however, was significantly clustered at Red-Tail Ridge (Figure
2.13).
Overall longleaf pine mortality varied between Caffey Hill and Red-Tail Ridge
(Figure 2.7). One year post-fire (2005), Caffey Hill experienced 19.4% stand mortality,
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however two years after another fire (2008) the stand mortality was only 2.2% and then
rose to 6% in 2013. Red-Tail Ridge suffered post-fire mortality of 6.6% (2008), with
5.1% tree mortality one year before the fire (2005), and 2.8% mortality level seven years
post-fire (2013). Annual mortality for all diameter sizes in the stands were 2.7 and 5.2
trees per ha or 1% and 1.8% stand mortality for Red-Tail Ridge and Caffey Hill,
respectively. Both stands were more similar, however, in annual mortality rates of trees
≥10 cm DBH with Red-Tail Ridge at 1.4 trees per ha and 0.5% and Caffey Hill at 1.8
trees per ha or 0.6% annual stand mortality.
The distribution of pine mortality across DBH classes also differed between the
two stands (Figure 2.8). At Caffey Hill, 65% of tree mortality was within the smallest
(2.5 to 10 cm) size class. Red-Tail Ridge experienced 48% of its tree mortality in this
same smallest size class. The two stands were within one percentage point for the 11 to
20 and 21 to 30 size classes; however, for the two larger size classes Red-Tail Ridge
experienced relatively more mortality. Combined, Red-Tail Ridge experienced 28% of
its mortality in the two largest DBH classes, with Caffey Hill experiencing only 11% of
its mortality in these larger trees (>30 cm DBH).
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Figure 2.8
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Distance to nearest neighbor for longleaf pines that were alive vs. dead in 2014

at Caffey Hill for trees ≤10 cm (A) and 11 to 21 cm (B) and at Red-Tail Ridge ≤10 cm (C) and 11 to 21 cm (D), two old-growth
longleaf pine stands in northeast Alabama.

Figure 2.9
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Ripley’s K L-function results for ingrowth of longleaf pine over 15 years at Caffey Hill

an old-growth mountain longleaf pine stand in northeast Alabama.

Figure 2.10
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Ripley’s K L-function for mortality of longleaf pine over 15 years at Caffey Hill

an old-growth mountain longleaf pine stand in northeast Alabama.

Figure 2.11
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Ripley’s K L-function for ingrowth of longleaf pine over 15 years at Red-Tail Ridge

an old-growth mountain longleaf pine stand in northeast Alabama.

Figure 2.12
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Ripley’s K L-function for mortality of longleaf pine over 15 years at Red-Tail Ridge

an old-growth mountain longleaf pine stand in northeast Alabama.

Figure 2.13
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Conspecific neighbor effects on longleaf pine growth and mortality 1999 to 2014
Effects of conspecific neighboring pines on tree growth and mortality are
generally less clear than the broad stand-level patterns. At Caffey Hill there were no
significant differences found in distance to nearest neighbor and longleaf pine survival
(status in 2014) except in the 2.5 to 10 cm DBH class (p=0.0006), where the average
distance to nearest neighbor (Figure 2.9A) is shorter for dead trees (1.6 m) than for live
trees (2.1 m). No significant differences were detected for the next largest diameter class,
11 to 21 cm (Figure 2.9B). Red-Tail Ridge, however, did not have any significant
differences for distance to nearest neighbor within any size class (results for ≤ 10 cm and
11 to 20 cm shown Figure 2.9C, D).
To examine the relationship between basal area growth and neighbor competition,
a linear regression was fit to annual change in basal area with distance to nearest
neighbor. There was a significant effect for Caffey Hill (Table 2.5) and Red-Tail Ridge
(Table 2.6) (both p<0.0001), however the magnitudes were subtle, with a slope of
0.00003 (non-transformed) at both stands. Additionally, little variation was explained
(R2 <0.14; for square-root transformed <0.16) by the relationship at either stand.
Linear regressions of annual change in DBH vs distance to neighbor (nearest,
second nearest, third nearest) show slightly different trends between the two stands.
Caffey Hill (Table 2.5) had no significant relationships for both nearest and second
nearest neighbor. The results for third nearest neighbor were only marginally significant
(p=0.053, R2=0.05) at Caffey Hill, likely due to the effect of a single outlier. For RedTail Ridge the relationships between annual DBH growth and distance to neighbor were
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significant for all three distances (all p<0.0001, all R2=0.04), although again slopes
(0.0032 to 0.0044) were subtle.
When annual change in DBH and distance to nearest neighbor is binned by 10 cm
DBH size classes (Table 2.7) and analyzed there were significant effects at Caffey Hill.
For Caffey Hill the DBH size classes 2.5 to 10 and 11 to 20 cm, the regression was
significant (p≤0.005) with positive slopes of 0.011, though little variation was explained
(R2 = 0.10 and 0.08). The results for larger size classes were not significant (all p>0.8).
At Red-Tail Ridge the relationship between annual DBH growth and distance to nearest
neighbor was significant for the smallest DBH classes (<30 cm DBH, all p≤0.003) with
the lowest R2 of 0.081 and slopes of 0.0075, 0.0083, and 0.0073 respectively, while the
largest DBH size classes were not significant (≥31 cm DBH, all p≥0.066).
Annual change in longleaf pine height and distance to nearest neighbor also
produced mixed results. For both total height and crown height at Red-Tail Ridge (Table
2.6) there were no significant relationships between height and distance to neighbor
(p≥0.2), even with square-root transformed values (p≥0.1). At Caffey Hill (Table 2.5),
however, annual change in both total height and crown height were significantly related
to distance to nearest neighbor (p=0.02 in both cases) with slightly negative slopes of 0.0024 and -0.0018, although in both cases very little variation was explained (both R2 =
0.).
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Table 2.5

Linear regression results for various measures of annual growth and distance
to nearest neighbor (see exceptions noted below) at Caffey Hill
Slope

R2

Intercept

p

DBH (nearest)
---0.2175
†
DBH (second)
---0.1968
†
DBH (third)
0.0022 [0.0012]
0.3544 [0.0229]
0.0090
0.0537
Basal area
0.00003 [0.000008] 0.0007 [0.00006]
0.1220
<0.0001
‡
Basal area (sqrt)
0.0006 [0.00008]
0.0246 [0.0009]
0.1246
<0.0001
Total height
-0.0024 [0.0010]
0.2341 [0.0111]
0.0152
0.0196
Total height (sqrt)
-0.0029 [0.0012]
0.4686 [0.0129]
0.0173
0.0138
Crown height
-0.0018 [0.0008]
0.1645 [0.0086]
0.0152
0.0194
Crown height (sqrt) -0.0032 [0.0012]
0.3904 [0.0129]
0.0214
0.0069
an old-growth longleaf pine stand. Slope and intercept are given with standard error.
†
Note that these results are for distance to second and third nearest neighbors,
respectively.
‡
Results for square-root transformed data.
Table 2.6

Linear regression results for various measures of annual growth and distance
to nearest neighbor (see exceptions as noted in Table 2.5) at Red-Tail Ridge
Slope

Intercept

R2

p

DBH (nearest)
0.0044 [0.0010]
0.2247 [0.0127] 0.0417
<0.0001
†
DBH (second)
0.0033 [0.0008]
0.2198 [0.0142] 0.0366
<0.0001
†
DBH (third)
0.0032 [0.0007]
0.2091 [0.0153] 0.0440
<0.0001
Basal area
0.00003 [0.000004] 0.0006 [0.00005] 0.1397
<0.0001
‡
Basal area (sqrt)
0.0006 [0.00007]
0.0218 [0.0009] 0.1465
<0.0001
Total height
---0.2140
Total height (sqrt)
---0.1073
Crown height
---0.5486
Crown height (sqrt)
---0.1875
an old-growth longleaf pine stand. Slope and intercept are given with standard error.
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Table 2.7

Linear regression results for annual diameter growth and distance to nearest
neighbor within 10 cm DBH size classs for Caffey Hill and Red-Tail Ridge

Caffey Hill
2 -10 cm
11 – 20 cm
21 – 30 cm
≥ 31 cm
Red-Tail Ridge
2 - 10 cm
11 - 20 cm
21 – 30 cm
31 – 40 cm
≥ 41 cm

Slope

Intercept

R2

p

0.0111 [0.0028]
0.0107 [0.0037]
---

0.3423 [0.0248]
0.3752 [0.0388]
---

0.0950
0.0797
---

0.0001
0.0047
0.8763
0.8442

0.0075 [0.0024]
0.0083 [0.0022]
0.0073 [0.0021]
---

0.1636 [0.0221]
0.2482 [0.0227]
0.2848 [0.0277]
---

0.0809
0.0883
0.1308
---

0.0028
0.0003
0.0008
0.0666
0.3075

two old-growth longleaf pine stands in northeast Alabama
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Ring count distribution in 2014 of live longleaf pine ≥10 cm DBH at Caffey Hill

an old-growth stand in northeast Alabama.

Figure 2.14
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Ring count distribution in 2014 of live longleaf pine ≥10 cm DBH at Red-Tail Ridge

an old-growth stand in northeast Alabama.

Figure 2.15
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Discussion
Despite their proximity and similarities in climate, soils, and elevation these two
old-growth longleaf pine stands have important differences in stand dynamics. Caffey
Hill was strongly dominated by small <10 cm DBH longleaf pines while Red-Tail Ridge
had a much more even distribution among the DBH classes (Figure 2.2). The “reverse J”
distribution at Caffey Hill (Figure 2.3) is similar to previous old-growth studies (Platt et
al. 1988; Noel et al. 1998; Meldahl et al. 1999; Varner et al. 2003a). The lack of small
diameter trees at Red-Tail Ridge may be a result of past overly frequent burning due to its
former use as a firing range (Varner et al. 1999; Varner et al. 2003a), which prevented
establishment of seedlings, followed by infrequent burning that allowed the establishment
of a thick shrub understory and numerous small grass-stage longleaf pine seedlings that
have not yet bolted to a size that includes them in this study.
Longleaf pine stem density at Caffey Hill increased over the 15 year period, while
Red-Tail Ridge decreased. Despite the changes in density, both stands maintained a
fairly steady increase in stand basal area (Figure 2.1). Both stands experienced dips in
basal area following prescribed fires but the stands were sufficiently resilient (from the
standpoint of basal area) that post-fire growth recovered and exceeded lost basal area
within a few years after the fire. In addition, Caffey Hill not only recovered lost stems
but increased live stem density by 32% over the 15 years, while Red-Tail Ridge
decreased in overall stem density by 16%.
The general stand characteristics of Caffey Hill and Red-Tail Ridge are within the
same ranges found for other old-growth longleaf pine stands (e.g., Reed 1905; Schwarz
1907; Platt et al. 1988; Meldahl et al. 1999), including stem density and stand basal area.
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Other sites generally had a much larger maximum DBH however, though our results are
consistent with the findings of others (Mohr 1897; Reed 1905; Varner et al. 2003a) that
found longleaf pines on upper slopes and ridgetops to be generally smaller in stature.
The rate of longleaf pine mortality in the stands, 5.2 and 2.7 trees per ha per year
for Caffey Hill and Red-Tail Ridge, respectively, are on the higher end of rates found in
other studies (e.g., Palik & Pederson 1996). However, Palik & Pederson (1996)
specifically included only mortality for stems >10 cm, whereas the majority of mortality
observed in this study occurred in small stems between 2.5 and 10 cm DBH (Figure 2.8).
Platt & Rathbun (1993), however, included small diameter trees and also found that the
smallest diameter size class had the highest average annual mortality. If small diameter
mortality is excluded in our data the annual stand mortality at Caffey Hill was 8.8% and
Red-Tail Ridge was 6.7% over the course of the study, which is similar to the rates found
by Palik & Pederson (1996).
The spatial patterns of ingrowth and mortality in both stands are spatially
clumped, which was expected given that previous studies have established that longleaf
pine frequently reproduce is highly aggregated groups and particularly in gaps created by
mortality of former canopy trees (Palik et al. 1997; Brockway & Outcalt 1998; McGuire
et al. 2001; Varner et al. 2003a). This gappy spatial structure with dense patches of
ingrowth is also characteristic of many old-growth forests more generally (Franklin &
Van Pelt 2004). Spatially aggregated mortality is consistent with high mortality in the
smallest trees (as at Caffey Hill). High fire-cause mortality in densely clustered, small
trees accelerates patch breakup that would otherwise have transpired over time due to
competition effects (Platt & Rathbun 1993; Oliver & Larson 1996).
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At Red-Tail Ridge a higher percentage of large longleaf pines died. The exact
cause of death was not determined for trees in this study, however given that mortality
generally occurred in pulses following prescribed fires it can be assumed that fire was a
direct cause of death or that it weakened trees which later died due to a secondary cause.
At Red-Tail Ridge, however, the percent stand mortality was the same one year prior to
the prescribed fire (2005) as it was two years after the fire (2008), which may point to
some other cause of mortality in these larger trees (≥31 cm DBH).

Large tree mortality

in longleaf pine has previously been observed when fire is re-introduced to long unburned stands and the resulting smoldering duff fires cause substantial root death and tree
mortality (Varner et al. 2005), although that is likely not the cause of death at Red-Tail
Ridge or Caffey Hill due to the relatively frequent burning that has taken place in both
stands. The death of large longleaf pines is of particular ecological concern in part
because they are the preferred nesting cavity sites of red-cockaded woodpecker (Picoides
borealis), a species of substantial conservation concern in the Southeast (Jackson et al.
1979; Hooper 1988).
Conspecific neighbor effects on longleaf pine growth and mortality found in this
study are somewhat consistent with previous research. Both Platt & Rathbun (1993) and
Rathbun & Cressie (1994) found evidence for negative competitive effects of larger trees
on juvenile longleaf pine and, to varying degrees, on sub-adults and adults as well. In
particular, survivorship of juveniles was affected by competition of larger trees while
competition did not seem to have an effect on larger trees (Rathbun & Cressie 1994).
Grace & Platt (1995a, b) also found effects of overstory neighbors on size and survival of
seedlings. For both Caffey Hill and Red-Tail Ridge the only significant effect found for
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mortality and neighbor competition was a subtle difference in distance to nearest
neighbor and mortality for the smallest trees at Caffey Hill.
The lack of significant relationship between distance to nearest neighbor and
mortality at Red-Tail Ridge could be due to several factors, including a smaller sample
size (57 trees > 10 cm DBH at Red-Tail Ridge vs 301 at Caffey Hill) or less intense fires
due to lower slope (Table 2.1) and differences in firing patterns used in prescribed burns.
The cause could also be overall differences in site; Caffey Hill has a higher stem density
per hectare than Red-Tail Ridge (397.7 vs. 237.8 stems per ha), resulting in greater
overall competition. Additionally, Caffey Hill has a suite of characteristics (higher
elevation, steeper slope, more southerly aspect) that make it a more challenging site,
which may make the competition for resources among neighbors more acute, thereby
increasing stress and decreasing survivability of fire-susceptible small diameter pines.
For growth, however, trees at both Caffey Hill and Red-Tail Ridge revealed some
significant, although subtle, neighbor effects. Height growth was significantly and
negatively related to distance to nearest neighbor at Caffey Hill, indicating perhaps that
neighboring competition pushes trees to increase height growth (Oliver & Larson 1996).
In contrast, only Red-Tail Ridge showed a significant correlation for annual change in
DBH growth of all diameter classes combined when tested with distance to the nearest
three neighbors (Table 2.6). When examined within separate diameter classes, however,
both Caffey Hill and Red-Tail Ridge show significant positive correlations with annual
DBH growth and distance to nearest neighbor for the two smallest size classes (≤ 20 cm).
Why Red-Tail Ridge shows significance for pooled diameter classes is difficult to
determine, although scatterplots of the data do show what may be outlier trees affecting
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the regression. Because Red-Tail Ridge was more heavily dominated by larger trees it
seems unlikely that it would show more competitive effects (Platt & Rathbun 1993).
Annual change in individual tree basal area, however, was positively correlated
with distance to nearest neighbor in both sites, which was expected at Caffey Hill given
previous studies, but when taken with the significance of DBH growth at Red-Tail Ridge
may indicate that neighbor competition does play a subtle role in tree growth even for
stands dominated by larger trees. Previous studies in other ecosystems have found
significant effects of neighborhood competition on both growth and mortality of various
species (He & Duncan 2000; Canham et al. 2004; Uriarte et al. 2004; Das 2012), though
in most cases the effects were stronger than those found in this study. Lutz et al. (2014)
found in a 13-year re-measurement study of old-growth Pseudotsuga-Tsuga forest that
there was significant density-dependent mortality and spatially aggregated ingrowth, both
of which maintained stand-level tree patterns. Overall, our results on conspecific
neighbor competition show mixed results with evidence for significant effects of nearest
neighbor on mortality and growth of small trees.
Management implications
This study highlights the complexity of conspecific neighboring competition and
the need for further investigation into the drivers of growth and mortality in these oldgrowth longleaf pine stands. The significance of neighbor competition on small diameter
mortality at Caffey Hill presents a likely mechanism for density-dependent mortality that
aided the thinning of highly clumped young longleaf pine (Varner et al. 2003), which
would aid in the formation and persistence of the open savanna and woodland structure
that originally characterized longleaf pinelands in this mountain landscape (Reed 1905).
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However, even for results that showed a significant interaction of neighbor competition
with growth (DBH, basal area, and height) and mortality, the effect of neighbors was
small and the amount of variation explained was low (the highest R2 for any regression
performed was 0.15), raising the question of what other factors are driving the growth of
longleaf pine in these mountain stands.
The results of this study have two broad conclusions with applications for
montane longleaf pine management. First, although the two stands differed in structure,
both were able to recover and exceed their pre-fire stand basal area rapidly (within ca. 4
years post-fire). This is notable considering the generally slower growth of montane
longleaf sites in general (Reed 1905) and the high post-fire mortality observed at both
sites (Figure 2.7). From a management perspective, this offers insight into the range of
stand structures that can achieve basal area resilience to fire and reinforces the need to
manage for structural heterogeneity (Larson & Churchill 2012).
Our results suggest that even fires resulting in heavy mortality to small stems may
not have a persisting negative impact on the long-term density of that size class, as
evidenced by the strong recovery of small trees at Caffey Hill. Establishing natural
regeneration of longleaf pine is a highly desirable goal but one that has not always been
achieved (Croker & Boyer 1975), making the long-term success of regeneration at Caffey
Hill particularly important. The spatial patterns of clustered mortality in small diameter
pines and clustered growth of longleaf pine into gaps within the stand at Caffey Hill add
further evidence to the importance of spatial heterogeneity for maintaining natural
regeneration of longleaf pine. Given the importance of longleaf pine as a keystone
species within an incredibly species-rich ecosystem with a wide range of economic and
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ecological benefits, an understanding of the natural range, spatial patterns, and
interactions of longleaf pine growth and mortality is key to improving the ability of
managers to make informed decisions in their efforts to restore this important ecosystem.
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CHAPTER III
SAPLING BARK THICKNESS AND RELATIVE ALLOCATION IN FIVE
SOUTHEASTERN HARDWOOD TREE SPECIES

Introduction
The dynamics, composition, and spatial structure of species in an ecosystem are
intertwined with the evolutionary environment, or overall suite of factors, such as
climate, soils, and disturbance regime, that affect a species as it adapts and evolves within
that ecosystem. Fire as a disturbance agent plays an important role in the evolutionary
environment of pyrophytic or fire-adapted ecosystems through dynamic interactions in
which fire both affects and is affected by the species and environment (Pausas & Keeley
2009; Bond & Scott 2010). Pyrophytic ecosystems are therefore dominated by organisms
with traits adapted to persist not only in the given biotic and abiotic factors commonly
associated with a given environment (i.e. climate, geology, nutrient availability), but also
in response to fire regimes (Bond & Van Wilgen 1996; Bond & Keeley 2005; Simon et
al. 2009). Fire-adapted communities can be found across the globe and include:
Mediterranean climate regions (Naveh 1975); grasslands (Anderson 2006); and numerous
forest types [southeastern USA Pinus (Van Lear et al. 2005); western USA Pinus (Moore
et al. 1999); boreal (Payette 1992)].

Fire-adapted traits are numerous and have been

classified in various ways (Agee 1993; Keeley & Zedler 1998) but some of the most
46

important can be broadly categorized as post-fire reproduction and fire survival
strategies.
Traits adapted for rapid post-fire reproduction allow a plant to take advantage of
newly available open space characterized by decreased competition and increased water
and nutrient availability. Vigorous and rapid re-sprouting capitalizes on already
established root structures and carbohydrate stores in order to produce an increased rate
of growth and survival and is often associated with shorter fire return intervals (Keeley &
Zedler 1978; Malanson 1985; Bellingham 2000; Bond & Midgley 2003). Serotiny (onplant seed storage and heat-triggered seed release) ensures a masting event post-fire,
releasing high numbers of seed onto an ideal seedbed, and also avoids potentially
overwhelming seed predators (Lamont & Enright 2000; Vega et al. 2008). Similarly,
fire-stimulated flowering helps ensure reduced nutrient and pollinator competition as well
as synchronize flowering and increase the probability of cross-pollination (Lamont &
Downes 2011).
Numerous traits have been proposed to contribute to post-fire survival in trees,
including stem diameter and height, both absolute and rate of growth, (Harmon 1984;
Lawes et al. 2011a) as well as various bark characteristics (thickness, structure, water
content, density) (e.g., Odhiambo et al. 2014; Poorter et al. 2014; Wesolowski et al.
2014). Fire-caused tree mortality can be the result of injury to various parts of the tree
sustained from direct flame contact or by heat transfer via conduction (through soil to the
roots), radiation (preceding the flaming front to the bole), or convection (rising heat and
gasses to the crown) (Michaletz & Johnson 2007). Lethal cell temperatures can be
reached through short exposure to high temperatures or longer exposure to lower
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temperatures; although 60°C is generally treated as the threshold lethal temperature, some
trees can survive short exposure to temperatures above 60°C (Dickinson & Johnson
2004).
Though other characteristics (water content, bark type/structure, density)
(Wesolowski et al. 2014) play a role in determining how long it takes for the cambium to
reach lethal temperature, bark thickness in trees is the primary defensive trait correlated
with post-fire survival (Harmon 1984; Lawes et al. 2011a; Lawes et al. 2011b; Brando et
al. 2012). Thicker bark enables trees to survive fire by directly insulating the cambium
so that the flaming and smoldering front can pass without heating the tree’s cells to lethal
temperatures. Although some studies have also found certain species to be outliers in
that they possess fire resistance disproportionate to their bark thickness, bark thickness
overwhelmingly explains the majority of variation in fire resistance across species (e.g.,
Odhiambo et al. 2014).
Bark accrual rates and patterns along the stem are other attributes commonly used
as indicators of fire adaptive-ness (Jackson et al. 1999; Lawes et al. 2011a; Schwilk et al.
2013). Bark allometry encompasses the relationship between bark accrual rates, bark
thickness, stem diameter, and bark distribution along stems with height (taper). Negative
bark allometry, when relatively less bark is added as the tree gets larger, is associated
with thicker sapling bark and ecosystems with frequent, low-intensity fire (Jackson et al.
1999). This strategy allows species to survive burning until they reach a larger size at
which most species, even non-fire adapted ones, are typically able to survive lowintensity surface fires. Investing heavily in bark as saplings requires tradeoffs in height
growth, so positive allometry of bark accumulation is expected for trees in areas with no
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or little threat of frequent fire (Hoffmann et al. 2003). Similarly, the most intense heating
of the stem during a low-intensity fire occurs at or near the base, which should lead to
increased bark accumulation in the lower part of the stem (Dickinson & Johnson 2001).
Despite the trend in viewing fire as an important and historical driver of
speciation and adaptation there is vigorous debate over the role and importance of fire as
a driving force for many so-labeled “fire-adaptive” traits. Bradshaw and others (2011)
argue that most or all characteristics labeled as fire-adaptive or fire-resistant in the
Mediterranean ecosystems confer advantages in non-fire driven ecosystems. For
example, re-sprouting is commonly observed after the vast majority of disturbances and
therefore cannot be labeled as an adaptation to fire per se (Bond & Midgley 2003).
Given this, Bradshaw and others (2011) argue that these traits should not be interpreted
as indicating that an ecosystem has evolved with fire and that prescribed fire should be
used as a restoration tool. Keeley and others (2011), in a reply to Bradshaw and others,
argue in turn that the presence of an adaptation in a fire-infrequent environment does not
necessarily indicate that the same trait could not have evolved in response to fire in a
different environment. Therefore, when a trait is examined in the full context of its
evolutionary environment, it can be reasonable to assume that fire was a dominant force
in the selection and promotion of that trait in that environment (Schwilk & Ackerly 2001;
Cavender-Bares et al. 2004; Stephens & Libby 2006; Simon et al. 2009).
The objectives of this study were to characterize the fire-adaptedness of five
common southeastern U.S. hardwood species based on sapling bark traits. These species
were selected based on their relative dominance in frequently burned montane longleaf
pine (Pinus palustris Mill.) ecosystems (Maceina et al. 2000; Varner et al. 2003b; Carter
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& Floyd 2013). Natural longleaf pine savannas are highly pyrophytic and characterized
by a frequent (< 10 years), low-intensity fire return interval (Bale 2009; Stambaugh et al.
2011), the interruption of which results in the invasion of fire-sensitive species that alter
stand structure, composition, and ecological processes (Heyward 1939; Gilliam & Platt
1999). Pyrophytic hardwood species are represented in the longleaf pine ecosystem by
several Quercus species (e.g. Quercus marilandica ) as well as hickories (e.g. Carya
pallida ) (Peet & Allard 1993; Varner et al. 2003b). Mesophytic hardwoods in these
ecosystems include red maple (Acer rubrum) and potentially many others, including
Quercus species (Kane et al. 2008; Kreye et al. 2013). Given evidence that some oaks
may have adapted to the frequent fire regime of longleaf pine ecosystems, and could
therefore be ecologically important components of these ecosystems, additional research
is needed on the potential “fire-adaptedness” of hardwood tree species in these
ecosystems (Peet & Allard 1993; Kane et al. 2008; Hiers et al. 2014).
We hypothesize, given that the evolutionary environment of any species
associated with longleaf pine ecosystems would include frequent fire, that the bark and
growth characteristics of saplings will offer insight into the evolutionary history of that
species. Specifically, species that have adapted to co-occur with longleaf pine
(pyrophytes) will have thicker bark, a higher bark:wood ratio, and a higher degree of bark
taper, measured as relatively higher bark allocation lower on the stem. Species that are
invading the ecosystem (mesophytes) will have thinner bark, a lower bark:wood ratio,
and a lower degree of bark taper or the same relative allocation to bark along the entire
stem. The results will add important information to the on-going debate on the fire-
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adaptedness of hardwoods in the southeastern U.S. (Hiers et al. 2014) and their place in
the future of managed longleaf pine ecosystems.
Methods
Study site description
The study site was a frequently burned old-growth longleaf pine stand at Caffey
Hill in the Mountain Longleaf National Wildlife Refuge (MLNWR) near Anniston,
Alabama (U.S.A). As previously described in Chapter I, Caffey Hill is an upper slope
site with a mixed overstory dominated by longleaf pine with some blackjack oak and
sand hickory (Varner et al. 2003b). This site was previously located on land belonging to
Fort McClellan, an Army training garrison whose use of live fire and incendiary rounds
maintained a frequent (1 to 3 year) fire return interval. Fort McClellan was established as
a permanent post in the late 1920s and was officially closed in 1999; in 2003 a large
portion of the area was used to establish the Mountain Longleaf National Wildlife
Refuge. A fire history study on longleaf pine in adjacent areas by Bale (2009) found preEuropean settlement mean fire return intervals of 2.7 to 3.2 years, with European
settlement initially increasing that return interval to 2.5 to 2.6 years, and finally a
decreasing mean return interval of ca. 7.5 years starting in the mid-1900s.
Data collection
Five different tree species were selected based on regional dominance (Varner et
al. 2003b): blackjack oak (Quercus marilandica Münchh. var. marilandica); red maple
(Acer rubrum L.); rock chestnut oak (Quercus montana Willd. syn. Q. prinus ); common
persimmon (Diospyros virginiana L.); and sand hickory (Carya pallida (Ashe) Engl. &
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Graebn.). Saplings were sampled following a high intensity prescribed fire at Caffey Hill
that would have killed all small diameter trees. This design was selected to remove
time/sapling age as a confounding factor since the majority of saplings likely sprouted
following the fire.
Saplings were cut as close to groundline as possible using large loppers. An
effort was made to include all sizes up to the maximum cutting capacity of the clippers
(approximately 50 mm diameter). Twenty samples were collected per species at random
within the stand, of which ten were randomly chosen for destructive sampling. No more
than five samples of a given species were collected within an approximately 15 m radius
and no samples were collected from beneath longleaf pine canopy. I avoided all saplings
within the 5 m boundary of the burn unit as well as saplings with scars in an effort to
ensure that we collected saplings of approximately even ages and to eliminate effects of
scarring on subsequent bark growth and allocation. Harvested saplings were transported
back to the laboratory for measurements.
In the lab, saplings were measured for total height and height to first live
bifurcated branch (in cm). Branches were then removed and the main stem marked every
20 cm for cutting. In cases where the stem was branched, the “main stem” was defined
as thickest or tallest extending stem. Disks were then cut with a saw and hand sanded to
ensure clear delineation between wood and bark. If the stem was small enough in
diameter that the saw caused extensive fraying of the bark, small clippers were used and
the disk was hand sanded.
Bark and inside bark (inner wood diameter) thickness was measured using digital
calipers under magnification to the nearest 0.1 mm. The inner diameter was taken at the
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widest point while bark was measured at four points around the stem: widest; thinnest;
and two other random points. For the purposes of this study, bark was defined as all
tissue outside of the vascular cambium. Age was determined by ring counts taken from
the basal disk. The bark to inner wood diameter ratio (bark:wood ratio) was calculated
by taking 2× the average bark thickness divided by the diameter of the inner wood. The
height to diameter ratio was calculated based on the total height of the stem divided by
the basal inner wood diameter.
Data analysis
Bark thickness, inner wood diameter, sapling height, height to first branch, and
bark:wood ratio across the five tree species were compared. ANOVA was used across
eight heights (0, 20, 40, 60, 80, 100, 120, and 140 cm) with bark thickness, inner wood
diameter, and bark:wood ratio as the response variable. When differences among species
were detected (α = 0.05), a post-hoc Tukey-Kramer HSD multiple comparisons test was
used to isolate pair-wise differences. When the response variables failed to meet
assumptions of ANOVA (skewness, kurtosis, and omnibus normality of residuals and
modified-Levene equal-variance test as run in NCSS) a non-parametric Kruskal-Wallis
ANOVA followed by a Z-test (Dunn’s test) was used to compare pair-wise differences.
Bark taper and bark allocation across height were compared among the five
species. Simple linear regressions were run using average absolute bark thickness or
bark:wood ratio for each species as the response and inner diameter or height along stem
as the predictor, for a total of four regressions. The significance and slope of the line for
each species were used to examine trends in taper and allocation. All data were run in
NCSS (Hintze 2012) and R statistical packages (R Core Team 2014).
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Results
Stem analysis
Height to first branch was significantly different among the five tree species
(p=0.002), with branches on Q. montana (rock chestnut oak) (81.4±18.6 cm [mean ±
standard deviation]) significantly higher than all other species except D. virginiana
(common persimmon) (57.3±25.3). Total sapling height (p<0.001) and height:diameter
ratio (p<0.001) also differed significantly among species. Q. marilandica (blackjack oak)
was significantly shorter (152.8±21.6) than both Q. montana (244.9±52.7) and A. rubrum
(red maple) (221.8±54.8), but there were no other significant differences among the five
hardwood species. Q. marilandica also had a significantly lower height:diameter ratio
(57.5±11.0) than all other species, with C. pallida (sand hickory) (81.84±17.1) and D.
virginiana (86.07±13.9) linked as intermediate and significantly different from A. rubrum
(109.47±17.7) and Q. montana (110.89±15.3) as the highest ratios.
At all sapling heights compared, inner wood diameter was not significantly
different among the five tree species (heights <100 cm, parametric tests p>0.5; all other
heights, non-parametric tests p>0.1). Data for higher on the stem likely failed normality
tests because these heights represented the top of some samples but only the midpoint of
other samples, causing high levels of variation. These results signify that the average
differences in absolute bark thickness and bark:wood ratio arise from differences in
species characteristics rather than differences associated with diameter. Similarly the
average age (4.1±0.68 years) validate our sampling methods and allows the elimination
of age as a confounding factor for the most part, assuming that there are no age-related
trends that were not captured by differences in diameter and height.
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Bark thickness
Bark thickness varied significantly among the five tree species at all heights
(Figure 3.1) (Kruskal-Wallis, p≤0.002). Based on multiple comparisons results (Table
3.2), at the base (height = 0 cm) A. rubrum (0.78±0.1 mm [mean ± SD]) and Q.
marilandica (4.89±1.38) were significantly thinner and thicker, respectively, than the
other three species, which did not differ from each other. Q. marilandica had a mean
bark thickness greater than 2× the mean of C. pallida (2.00±0.66), the next thickest. At
20 cm, A. rubrum is again significantly thinner than all other species, but Q. marilandica
was only marginally (z-value = 1.8565 with a significance value of 1.96) different from
C. pallida, despite the fact that Q. marilandica still had a mean bark thickness (4.0±1.6)
twice the mean thickness of C. pallida (1.7±0.6). At 40 cm the mean bark thickness of A.
rubrum and D. virginiana did not differ significantly from each other, while D.
virginiana was not significantly different from C. pallida, a trend that continued until 120
cm. At 40 and 60 cm Q. marilandica was again significantly thicker (3.43±1.2) than all
other species and was more than twice the thickness of the next thickest-barked species.
At 80, 100, and 120 cm there were fewer significant differences in mean bark
thickness among the five tree species (Table 3.2). Q. marilandica and Q. montana did
not differ significantly from each other at 80 cm, although the bark of Q. marilandica
remained significantly thicker than all other species (besides Q. montana). However,
because of the high degree of linkage between the species (for example, A. rubrum and C.
pallida are significantly different from each other but neither is significantly different
from the intermediate mean of D. virginiana) the power to say that any one species had
the thickest or thinnest mean bark thickness is limited. The same pattern occurred at 100
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cm, while at 120 cm the only change was that the three thinnest-barked species (A.
rubrum, D. virginiana, and C. pallida) were all not significantly different from each
other. At 140 cm the three thinnest barked tree species were not significantly different
from each other, while Q. montana and Q. marilandica were not different from each
other, but the two groups (thinner and thicker) were significantly different.
For each of the five tree species, bark thickness was related to inner diameter. All
simple linear regressions suggested significant slopes (p<0.0001) with an R2 ranging
between 0.67 for Q. montana and 0.86 for C. pallida (Figure 3.2), indicating that inner
diameter explained the majority of variation in bark thickness. The slope of these
regressions show the change in bark thickness as the inner diameter changes, with steeper
positive slopes indicating that as inner diameter increased that species increased in bark
thickness relatively faster than species with lower slopes. Q. marilandica had a slope
(0.359) more than 3× that of the next steepest (0.094, C. pallida) and A. rubrum has the
lowest slope (0.022), only 6.1% of the slope of Q. marilandica.
Results of linear model regressions of average absolute bark thickness and height
along the stem produced similar results. All models were significantly different from
zero (lowest p-value=0.015 for Q. montana) and, except for Q. montana (R2 = 0.60), all
models had a high R2 (Table 3.1; all R2 > 0.92). In this case, all of the slopes were
negative, indicating that as height increased the bark thicknesses decreased (Figure 3.3).
Again Q. marilandica had the steepest slope (-0.27), 9× steeper than C. pallida (-0.0086)
as the next steepest, indicating that the thickness of bark decreased at a faster pace as
height increased for Q. marilandica.
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Table 3.1

Linear regression results of average bark thickness and height along stem
for saplings of five tree species in an old-growth longleaf pine stand in
northeast Alabama.

Species

Slope

Intercept

R2

p

Acer rubrum
Carya pallida
Diospyros virginiana
Quercus marilandica
Quercus montana

-0.001 [0.0002]
-0.009 [0.0007]
-0.005 [0.0005]
-0.270 [0.0016]
-0.003 [0.0009]

0.758 [0.0125]
1.857 [0.0598]
1.223 [0.0418]
4.583 [0.1294]
1.514 [0.0715]

0.92
0.95
0.93
0.98
0.60

0.00012
<0.0001
<0.0001
<0.0001
0.01468

Note: Slope and intercept are given with standard error.
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Base (0 cm) A. rubrum
D. virginiana
Q. montana
C. pallida
Q. marilandica
20 cm
A. rubrum
D. virginiana
Q. montana
C. pallida
Q. marilandica
40 cm
A. rubrum
D. virginiana
Q. montana
C. pallida
Q. marilandica
60 cm
A. rubrum
D. virginiana
C. pallida
Q. montana
Q. marilandica

A
B
B
B
C
A
B
B
BC
C
A
AB
B
B
C
A
AB
B
B
C

140 cm

120 cm

100 cm

80 cm

Mean [SD]

A. rubrum
0.654 [0.1]
D. virginiana 0.831 [0.3]
C. pallida
1.157 [0.35]
Q. montana 1.265 [0.32]
Q. marilandica 2.197 [0.78]
A. rubrum
0.612 [0.09]
D. virginiana 0.694 [0.21]
C. pallida
0.98 [0.35]
Q. montana 1.168 [0.29]
Q. marilandica 1.286 [0.82]
A. rubrum
0.579 [0.22]
D. virginiana 0.648 [0.24]
C. pallida
0.851 [0.35]
Q. montana 1.168 [0.39]
Q. marilandica 1.286 [0.5]
A. rubrum
0.609 [0.3]
D. virginiana 0.659 [0.37]
C. pallida
0.727 [0.32]
Q. marilandica 1.037 [0.54]
Q. montana 1.208 [0.63]

Species
A
AB
BC
CD
D
A
AB
BC
CD
D
A
A
AB
BC
C
A
A
A
B
B

Note: Significant differences (Z-test) are indicated by different letters, means are given with standard deviation.

0.775 [0.1]
1.315 [0.21]
1.713 [0.38]
2.001 [0.66]
4.887 [1.38]
0.727 [0.08]
1.121 [0.32]
1.388 [0.32]
1.677 [0.6]
3.955 [1.61]
0.726 [0.09]
0.973 [0.24]
1.311 [0.34]
1.43 [0.49]
3.427 [1.2]
0.673 [0.09]
0.94 [0.28]
1.212 [0.39]
1.236 [0.3]
2.8 [1.08]

Height

Species

Height

Mean [SD]

Comparisons among five hardwood species for bark thickness at eight heights along the stem.

Table 3.2
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Average sapling bark and wood thickness (shown for half of the stem) at various heights along the stem of five
hardwood species in an old-growth longleaf pine ecosystem in northeast Alabama.

Pictures are of a representative basal cross-section of approximately equal inner wood diameter.

Figure 3.1
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Bark thickness and inner wood diameter for saplings of five tree species in an old-growth longleaf pine ecosystem in
northeast Alabama

Regression results are shown for a simple linear regression.

Figure 3.2

60

Average bark thickness and height along the stem for saplings of five tree species in an old-growth longleaf pine
ecosystem in northeast Alabama

Bars represent standard error of the mean.

Figure 3.3
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Bark:wood ratio
The bark:wood ratio (Figure 3.4) differed significantly among the five tree species
at all heights tested (Kruskal-Wallis, p≤0.0001). Z-test multiple comparisons (Table 3.5)
revealed a pattern similar to bark thickness results, except that the thin-barked A. rubrum
and D. virginiana did not differ significantly from each other at any height. As found
with absolute bark thickness, Q. marilandica was not significantly different from the next
highest bark:wood ratio (C. pallida) at 20 cm, despite the fact that Q. marilandica had a
ratio almost 3× that of C. pallida (0.513±0.18 and 0.198±0.03, respectively [mean±SD]).
However, Q. marilandica had a significantly higher bark:wood ratio at all other heights
until 140 cm. The absence of a significant difference in ratio between Q. marilandica
and Q. montana at 140 cm may be due to the decreased sample size (only six and eight
saplings, respectively) at that height.
A simple linear regression of average bark:wood ratio and average inner diameter
for each species resulted in only two regressions that were significantly different from
zero: A. rubrum (p<0.0001) and Q. marilandica (p=0.004) (Table 3.3). Interestingly, the
slope of A. rubrum was slightly negative (-0.006) while the slope of Q. marilandica was
positive (0.016). The slope of these lines shows the change in relative allocation of bark
as the diameter of the sapling increases, indicating that as diameter increase in A. rubrum
there is relatively less allocation to bark while in Q. marilandica there is relatively higher
allocation to bark at larger diameters along the stem (Figure 3.6).
A linear regression of average bark:wood ratio and height along the stem (Table
3.4) revealed similar results. Only three regressions were significantly different from
zero: A. rubrum; Q. marilandica; and Q. montana (all p≤0.02). A. rubrum and Q.
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montana had weakly positive slopes while Q. marilandica had a negative slope (Figure
3.5). This regression represents the relative allocation of bark along the length of the
stem. A negative slope indicates a decreasing allocation to bark as height along the stem
increases, in other words more bark is allocated at the bottom portion of the stem.
Table 3.3

Linear regression results of average bark to wood diameter ratio and inner
wood diameter of saplings of five tree species found in an old-growth
longleaf pine stand in northeast Alabama.

Species

Slope

Intercept

R2

p

Acer rubrum
Carya pallida
Diospyros virginiana
Quercus marilandica
Quercus montana

-0.0063 [0.0006]
--0.0162 [0.0035]
--

0.1943 [0.0080]
--0.2483 [0.0431]
--

0.94
--0.74
--

<0.0001
0.7521
0.1819
0.0036
0.0800

Note: Slope and intercept are given with standard error, non-significant results are
denoted by - - .
Table 3.4

Linear regression results of average bark to wood diameter ratio and height
along stem of saplings of five tree species found in an old-growth longleaf
pine stand in northeast Alabama.

Species

Slope

Intercept

R2

p

Acer rubrum
Carya pallida
Diospyros virginiana
Quercus marilandica
Quercus montana

0.0004 [0.00005]
---0.0013 [0.0003]
0.0003 [0.00009]

0.0817 [0.0045]
--0.5267 [0.0223]
0.1683 [0.0083]

0.90
--0.75
0.56

0.0002
0.8135
0.1572
0.0033
0.0205

Note: Slope and intercept are given with standard error, non-significant results are
denoted by - - .
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40 cm

20 cm

A
AB
B
C
D
A
AB
BC
CD
D
A
AB
BC
C
D
A
AB
BC
C
D

140 cm

120 cm

100 cm

80 cm

A. rubrum
D. virginiana
C. pallida
Q. montana
Q. marilandica
A. rubrum
D. virginiana
C. pallida
Q. montana
Q. marilandica
A. rubrum
D. virginiana
C. pallida
Q. montana
Q. marilandica
A. rubrum
D. virginiana
C. pallida
Q. montana
Q. marilandica

0.115 [0.03]
0.131 [0.03]
0.183 [0.02]
0.194 [0.04]
0.392 [0.1]
0.131 [0.04]
0.133 [0.03]
0.181 [0.03]
0.200 [0.03]
0.399 [0.15]
0.144 [0.07]
0.157 [0.04]
0.192 [0.04]
0.211 [0.05]
0.338 [0.12]
0.131 [0.07]
0.144 [0.08]
0.203 [0.09]
0.219 [0.1]
0.415 [0.16]
B
B

A
AB
BC
CD
D

C

C

C

A
A
AB
B

A
A

A
A
B
B

Note: Significant differences (Z-test) are indicated by different letters, means are given with standard deviation.

60 cm

0.085 [0.01]
0.139 [0.02]
0.187 [0.04]
0.203 [0.04]
0.552 [0.11]
0.09 [0.01]
0.133 [0.02]
0.172 [0.03]
0.198 [0.03]
0.513 [0.18]
0.098 [0.01]
0.127 [0.02]
0.176 [0.04]
0.184 [0.03]
0.479 [0.14]
0.104 [0.02]
0.133 [0.02]
0.173 [0.03]
0.174 [0.03]
0.431 [0.13]

Mean [SD]

A. rubrum
D. virginiana
Q. montana
C. pallida
Q. marilandica
A. rubrum
D. virginiana
Q. montana
C. pallida
Q. marilandica
A. rubrum
D. virginiana
Q. montana
C. pallida
Q. marilandica
A. rubrum
D. virginiana
Q. montana
C. pallida
Q. marilandica

Species

Base (0 cm)

Height

Species

Height

Mean [SD]

Comparisons among five hardwood species for bark to wood diameter ratio at eight heights along the stem.

Table 3.5
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Figure 3.4
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Average bark to inner wood diameter ratio along the stem of saplings of five hardwood tree species found in an oldgrowth longleaf pine stand in northeast Alabama.

Trends in average bark to inner wood diameter ratio and height along the stem for saplings of five tree species in an
old-growth longleaf pine ecosystem in northeast Alabama

Bars represent standard error of the mean.

Figure 3.5
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Trends in average bark to inner wood diameter ratio and inner wood diameter for saplings of five hardwood species
found in an old-growth longleaf pine ecosystem in northeast Alabama

Bars represent standard error of the mean.

Figure 3.6
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Discussion
In general, our findings on bark thickness and non-bark traits were consistent with
those of previous studies (Harmon 1984; Jackson et al. 1999; Hoffmann et al. 2003;
Lawes et al. 2011a; Schwilk et al. 2013). Absolute bark thickness and bark:wood ratio of
blackjack oak (Quercus marilandica), a “scrubby” oak commonly associated with
pyrophytic longleaf pine sites (Peet & Allard 1993; Varner et al. 2003b; Hiers et al.
2014), were significantly thicker than the other four tree species in almost all cases
(Tables 3.2 and 3.5). Q. marilandica had previously been classified as having strong
negative allometry (early allocation of resources to bark) and thus as a fire-adapted
species (Jackson et al. 1999). The preliminary examination conducted on total height and
height:diameter ratio also generally showed that Q. marilandica was relatively shorter
than the other four tree species, consistent with Hoffmann et al. (2003) which found that
fire-adapted savanna trees are generally shorter in stature than same-age mesophytic
forest trees.
The species with the generally lowest allocation to bark in this study was red
maple (Acer rubrum). A. rubrum has previously been noted as having a short time to
lethal heating (Hare 1965), thin bark (Harmon 1984), and as generally being a firesensitive species that indicates fire exclusion (Nowacki & Abrams 2008). Red maple has
increased markedly in dominance across various forest types in eastern North America in
the past century and is expected to increase further in both understory and overstory
dominance unless management efforts are made to slow its progress (Abrams 1998). Fire
exclusion is considered a major factor in the increase of mesophytic species such as red
maple, which in turn can lower the flammability of the systems by decreasing fine fuels
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(Nowacki & Abrams 2008) and potentially retaining more moisture in litter and
promoting damp forest floor conditions (Arthur et al. 2012; Kreye et al. 2013).
The regression results of bark thickness and bark to basal inner wood diameter
(bark:wood) ratio with height and inner wood diameter show that Q. marilandica had
significantly more taper, as measured by steeper slope (e.g., for bark thickness and height
along stem Q. marilandica had a slope of -0.27 while the next steepest slope was sand
hickory [C. pallida] at -0.009). The results of the regressions for bark:wood ratio and
height along stem are particularly interesting because Q. marilandica had the only
negative slope (-0.0013), both C. pallida and common persimmon (D. virginiana) had
slopes not significantly different from zero, and A. rubrum and rock chestnut oak (Q.
montana) had positive slopes (0.0004 and 0.0003, respectively).
The collective results of these regressions show that Q. marilandica allocates a
much higher proportion of resources to bark production at lower heights while the other
four tree species either allocated generally the same relative amount of bark (C. pallida
and D. virginiana) or relatively more bark (A. rubrum and Q. montana) as height
increased. Since heating in low intensity surface fires is generally highest within ca. 1 m
above the ground (Fahnestock & Hare 1964), it is reasonable to assume that greater
allocation to bark at the base of a tree would aid in stem survival. However, most of the
saplings in this study were only 100 or 200 cm tall (for Q. marilandica 152.8 cm ±21.6)
so the entire sapling would still likely be within the flaming zone of greatest heating.
Lawes et al. (20011a) argue that absolute bark thickness is likely the main defense
against topkill for small trees in fire-prone savanna landscapes, rather than the traditional
view of thick bark vs. rapid height growth as two competing defense types.
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The results of this study offer insight into the response of sapling bark to fire
adaptation and also into historic species composition of longleaf pine ecosystems. Few
studies have looked specifically at sapling bark (but see Lawes et al. 2011a); despite the
fact that resource allocation to bark in saplings may see the greatest return in survival
probability (Jackson et al. 1999). Saplings in ecosystems with frequent, low-intensity fire
are a critical phase because many tree species, including those not adapted to fire, have
bark thick enough to withstand low-intensity fire once they reach larger diameters
(Harmon 1984). Our results show that there are clear species-driven differences in bark
thickness, bark:wood ratio, and relative allocation of bark along the stem even in saplings
<6 years.
The importance of hardwoods in pyrophytic longleaf pine ecosystems is a subject
of ongoing debate (Hiers et al. 2014). Removal of hardwoods is often a primary goal of
restoration efforts via herbicide, mechanical harvest and mastication, or high intensity
fire (Provencher et al. 2001; Outcalt & Brockway 2010). These efforts occur despite
evidence that many oaks were a part of historic longleaf pine ecosystems (Greenberg &
Simons 1999; Hiers et al. 2014). Some methods of hardwood removal (herbicide,
chainsaw felling/girdling) are expensive, time-consuming, and may not substantially
benefit desired groundcover species and abundance (Provencher et al. 2001). Provencher
et al. (2001) found that prescribed fire was the only hardwood removal tool evaluated that
resulted in substantial improvement of groundcover.
Management implications
Our results further confirm the fire-adapted traits of Q. marilandica and therefore
caution restoration efforts against blanket hardwood removal prescriptions. These results
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also add certainty to the body of work that cites A. rubrum as a mesophytic species.
Given that studies have found that the robust resprouting response of red maple can make
prescribed fire an ineffective tool for its control once larger sapling sizes are achieved
(Clark & Schweitzer 2013), the results of this study further emphasize the importance of
management efforts at smaller sapling sizes. Our findings of such drastic differences in
bark, and of assumed fire-survivability, in saplings of less than 6 years old would indicate
that repeated prescribed burning in the early sapling stage should result in higher
mortality of non-fire adapted species without the complete mortality of desirable
pyrophytic oak species.
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CHAPTER IV
CONCLUSION

The results of this research have implications both for management of a
threatened southeastern USA ecosystem type but also for the overarching understanding
of pyrophytic ecosystems. Overstory pine stand dynamics had substantial variation even
between two geographically close old-growth stands, with one stand heavily dominated
by small diameter stems and the other with very low densities of regeneration. The basal
area of both stands maintained a steady increase over the fifteen-year course of the study,
with only brief decreases following prescribed fires, despite the fact that in one stand
overall stem density decreased. Both stands had subtle but significant interactions
between nearest neighbors and DBH and height growth and one stand also had a
significant interaction wherein small diameter stems experienced density-dependent
mortality. Overall, these results highlight the variability of stand structures within oldgrowth mountain longleaf pine and the need for further research on drivers of growth and
mortality.
The research also adds evidence to support the historic importance of certain
pyrophytic oaks within the longleaf pine ecosystem. Our data show dramatic differences
in bark:wood ratio and bark taper along the stem of five regionally important hardwood
species. These findings are particularly important given that such clear differences exist
in young (< 6 years old) saplings, indicating that prescribed fire as a restoration tool
72

should be able to eliminate saplings of fire-susceptible species (e.g., Acer rubrum) while
preserving pyrophytic oaks (e.g., Quercus marilandicai). Continued work in tracking
long-term changes in longleaf pine stand dynamics, including the contribution of
hardwood species, is imperative if restoration efforts are to succeed in managing for the
maximum ecological and economical benefit of these ecosystems.
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